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ABSTRACT 

h- 
When a moderately heated tungsten Langmuir pmbe 

is immersed i n  an argon plasma in a discharge tube, a 
substantial lowering of i t s  work function is observed. The 
mechanism is thought to be similar to the Schottky effect. 
The inf luence of this phenomenon on the accuracy of the 

probe measurements is discussed. * 

I .  I NTRODUCTI ON 

Since the early yea r s  of t h i s  century, the Langmuir probe h a s  been u s e d  to measure the electron 

densi ty ,  electron temperature, s p a c e  potential ,  and other re la ted phenomena in a plasma. The  pr inciple  and  

operation of the  probe are descr ibed  in  var ious periodicals and books (Ref. 1 and 2). The rel iabi l i ty  of this 

instrument depends  very much upon the conditions under which i t  i s  operated.  Various poss ib l e  sou rces  of 

error in Langmuir  probe techniques  have  been described previously by many authors  (Ref. 3 and 4). For 

example, in Ref. 3 and 4 the  authors conclude that  the deposit ion of oxide on the su r face  of the probe c a u s e s  

the contact  potent ia l  of the probe relat ive to the plasma to be changed; the work function of the probe i s  

similarly changed. Also, when probing moderately hi& g a s  temperatures ( -, SOOO"K), t he  probe temperature 

may become suff ic ient ly  high and the e lec t r ic  f ie ld  strength a t  t he  surface of the probe suff ic ient ly  large 

tha t  the electron emission from the su r face  of the probe becomes considerably larger  than that caused  by 

simple thermionic emiss ion  alone. In the probe temperature range below 2000°K, thermionic emission i s  

usual ly  cons idered  to  be negligible.  However, in  the recent measurements  descr ibed  below, the character is t ic  

curves of a hot Langmuir probe in a low densi ty  disch-ed a saturat ion ion current a t  a probe 

temperature of 1900°K which w a s  about one order of magnitude higher than that  a t  room temperature. If t h i s  in- 

c r ease  in ion current is interpreted as being caused  by electron emission from the  probe, the emiss ion  current 

i s  four orders  of magnitude higher than the thermionic emission a t  the temperature concerned. 

I .-.- 
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I I .  MEASUREMENTS 

The apparatus arrangement i s  shown in F ig .  1. The discharge tubes  a re  pyrex g l a s s  of var ious s i z e s  

(the typical dimensions a r e  15 cm in length,  2.5 cm in diameter). The e lec t rodes  a r e  two tungsten d i s k s  

1.5 cm in diameter, 0.15 cm in th ickness ,  and  12 cm apart. The probe is a 127-p tungsten wire, 0.4 cm in 

length, which i s  demountable from the tube for replacement. The high-voltage power supply for the  d ischarge  

i s  a regulated low ripple (25-mv peak-to-peak) source.  The current through the probe i s  measured by deter- 

mining the vol tage drop a c r o s s  a s tandard r e s i s t a n c e  R s .  The current and vol tage a r e  recorded by a Moseley 

XY plot ter  which h a s  a writing speed  of about  2 in . / sec  on 15- by 10-in. graph paper. T h e  dynamic accuracy  

i s  c la imed to  average 0.02%. The temperature of the probe i s  changed by varying r e s i s t a n c e  R ,  and i s  

measured by an optical pyrometer with a 6500-A filter. 
0 

The temperature of the probe var ies  from point  to point a long the wire, but only the  maximum 

temperatures a t  the midpoint of the probe are  taken;  the temperature distribution a long  the wire i s  then 

ca lcu la ted  as in the next  Section. The  temperatures  recorded have  been corrected for the emissivi ty  of 

tungsten and  the reflection of the g l a s s  surface.  The electron temperature, e lectron dens i ty ,  and p lasma 

potent ia l  a re  measured from the probe voltage-current charac te r i s t ic  curves .  When the ion currents  of the  

probe a r e  measured a t  different temperatures, the  vol tage impressed  on the probe i s  kept  cons tan t  re la t ive  

to one of the electrodes.  T h i s  voltage i s  es t imated to be high enough (negat ively)  for the probe to co l lec t  

the saturat ion ion current. 

The discharge voltage and current do not  change when the probe temperature is increased.  

2 
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111. CALCULATIONS AND RESULTS 

A. Temperature Distribution Along the Probe 

Neglecting the  radiation and convection l o s s e s  ( 0.01% of conduction), the h e a t  ba lance  equation 

for an electr ical ly  hea ted  wire of finite length has the  following form (Ref. 5 and 6): 

where 

I = the hea t ing  current 

R ,  = the res i s tance  of the wire a t  temperature T o  (in d e g r e e s  Kelvin) 

a = the temperature coeff ic ient  of res i s t iv i ty  of the wire 

A = the cross-sect ional  a r e a  of the wire 

k = the  thermal conductivity of the wire 

and 

x = the  d is tance  along the wire from the midpoint 

With the boundary condi t ions tha t  

1 

2 
x = -  T = T o  

x = o  

4 
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the solut ion of  Eq. (1) can be written 

T = a c o s P x + b  

where 

2 cos-1 [ 1 ] p = -  
1 1 + a (T, - To) 

I = length of the probe 

B. Therm ioni E Emission Re1 ation 

The conventional expression for the thermionic emission i s  

where 

I 

j = current in amperes 

c = constant  

T = temperature of the probe 

q5 = work function in e lectron vol t s  

= area  of the probe in square  cent imeters  A ' 

K = Boltzmann's constant  

and 

e l  = electronic  charge 

5 
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Combining Eq.  (2) and (3) and integrat ing over  the whole length of the  probe, we obtain the emission 

current i as the following expression:  

For the tungsten probe, 

and 

c1. = 0.010 for degrees  cent igrade 

c = 60.2 amp/crn2 for degrees  cent igrade 

1 = 0.348 cm 

r = 6.35 x cm 

T o  = 300°K 

Equation (4) i s  integrated numerically for different va lues  of T m  and 4. T h e  r e s u l t s  a re  shown in F i g  2. 

In Fig. 2 ,  the experimental da ta  for three different d i scharge  condi t ions a re  f i t ted to the curves  of 

the su i tab le  values  of 4 T h e  experimental va lues  of  i a re  obtained by subtract ing the probe current  a t  room 

temperature from that at probe maximum temperature T m .  T h e  emission current i obtained in  t h i s  way would 

be the current caused by electron emission from the sur face  of the probe, s i n c e  the s ign  of t h i s  e lectron 

current i s  the  same a s  the measured ion current. 

I t  i s  interest ing to  note  that  the e f fec t ive  work function of the probe i s  lowered different amounts  

by the presence  of plasma o f  different  pressures  and temperatures. T h i s  lowering of the  work function might 

be caused  by (1) the presence  of electr ic  and magnetic f ie lds  due to the hea t ing  current, (2) the e f fec t  of ion 

bombardment, and ( 3 )  the quas is ta t ic  e lectr ic  f ie ld  due to the plasma,  e tc .  After es t imat ing the order of 

magnitude of each effect ,  the  most  probable c a u s e  would seem to be the  plasma q u a s i s t a t i c  e lec t r ic  field. 

T h i s  will be d i s c u s s e d  in  the next  Section. 

6 



JPL Technical Memorandum No. 33-157 

I 

Fig.  2. P r o b e  temperature - electron 
emission charac te r i s t ics  

TEMPERATURE, "C 

~ 

C. The Electric Field at the Surface of the Probe and Schottky's Effect 

Assuming that the e lec t rons  have  a Maxwellian energy distribution, t h e  equation descr ib ing  the 

variation of e lectron dens i ty  with potent ia l  I/ in  the neighborhood of the probe can be written as  I 

For a cyl indrical  probe th 

n l  = no exp - - ( s:> 
densi ty ,  in  the vicinity of the probe, can be expressed  in  th io 

(5 )  

following form 

(6) 

7 
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where 

n = charge number densi ty  

e = charge of the charged par t ic le  

I = e lec t r ic  current 

rn = m a s s  

r = dis tance  from the a x i s  of t h e  cyl inder  

T = temperature 

and  

K = Boltzmann’s constant  

T h e  subscr ip ts  1, 2, and 0 refer to the  electron, ion, and undis turbed regions,  respect ively.  

In deriving Eq.  ( 6 ) ,  we assume that  the i o n s  have  reached  energ ies  which a re  large compared with 

their  ini t ia l  energies;  the ionic  velocity i s  equal  to ( -  2 e 2  V/m2)’. 

T h e  distribution of potent ia l  in the  vicinity of the probe i s  descr ibed  by Poisson’s  equation: 

With Eq. (5) and ( 6 ) ,  Eq. (7) can be so lved  numerically, consider ing I, as a parameter. However, if the  

dimension of the probe i s  large in  comparison with the Debye length for the ion ( a s  i s  the c a s e  in  the present  

experiment), the  plasma solut ion can give accura te  r e s u l t s  for the present  d i scuss ion  (Ref. 5 and 6). The f a c t  

tha t  the e lec t rons  emitted from the sur face  of the negat ively b iased  probe wilI counterbalance the e x c e s s  

posi t ive s p a c e  charges surrounding the probe could a l s o  just i fy  the u s e  of plasma solution. 

For the plasma solut ion,  by equat ing Eq. (5) and (6) and  then different ia t ing v with r e s p e c t  to  r, we 

obtain the expression for t h e  e lec t r ic  f ie ld  E :  

8 
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where 77 s t a n d s  for (elV/KT). 

The ef fec t ive  lowering of  the work function caused by the acce lera t ing  field, commonly referred to  

as Schottky’s effect ,  has the following form (Ref. 8): 

where 

+s = lowering of the work function (in vol ts)  c a u s e d  by the acce lera t ing  field 

and 

E = e lec t r ic  f ie ld  strength in  vol ts /cent imeter  

Equat ions  (8) and (9) yield 

U s i n g  the r e s u l t s  obtained from the probe voltage-current charac te r i s t ic  curves  for three different operat ing 

conditions, t he  va lues  of +s(calc) a r e  ca lcu la ted  by Eq. (10). T a k i n g  the work function for tungsten to be 

4.52 ev,  the v a l u e s  +s(meas)  a r e  obtained from the experimental data as shown in Fig. 2. The ca lcu la ted  a n d  

experimental $s are compared in  Table I, where 

P = pressure of argon g a s  in  the d ischarge  tube 

V, = voltage impressed on the d ischarge  tube 

and 

V = probe potent ia l  relative to  the p lasma P 

The measured p lasma potent ia l  i s  affected by the temperature of the  probe ( s e e  Sect ion 111-D). 

In Table 1 V is the probe potent ia l  re la t ive to  the plasma, with the  plasma potent ia l  measured with the probe 

at room temperature. In s p i t e  o f  some approximations in the ca lcu la t ions ,  t h e  ca lcu la ted  va lues  +s(calc)  

agree reasonably well with the measured va lues  $s (meas). 

P 
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I t  i s  worthwhile to mention here  that  in  the temperature range (1800 to 25OO0C) and the f ie ld  s t rength range  

( lo6 to lo7 v/cm) of the present  measurements ,  the electron emission h a s  been c lass i f ied  as t ransi t ion 

region emission and ca l led  7‘-F (temperature-field) emission (Ref. 9 and 10). The authors  in  Ref. 9 and 10 

have  provided experimental s t u d i e s  i n  which the theoret ical  expec ta t ions  have  been confirmed; however, the  

present  da ta  f i t  Schottky’s theory better. 

Table 1. 

150 1000 

330 900 

550 800 

Work functions of the probe at different temperatures 

T, ,  O K  

4.56 io5 

3.97 io5  

3.50 io5 

39 

34 

30 

0.504 

0.618 

1.56 

0.73 

0.98 

1.37 

D. The Voltage-Current (V-4 Characteristic Curves of the Probe 

T h e  V-Z curves of the probe a t  different probe temperatures  for the same operat ing condi t ions of the 

discharge tube are shown in F ig .  3. The following fea tures  a r e  noticed: 

1. T h e  ion saturat ion current i s  increased  as the temperature of the probe i s  increased .  

T h i s  i s  thought to  be caused  by electron emission from the sur face  of the probe of 

Schottky’s type. 

2. In general, as the temperature of the probe i s  increased ,  the electron saturat ion current 

remains a lmost  unaltered, whereas  the  probe saturat ion current i s  lowered. This impl ies  

tha t  the electron emission re ta ins  i t s  original value as the probe voltage approaches  the 

plasma potential. T h i s  phenomenon may be explained as follows: The t h i c k n e s s  of t h e  

sheath surrounding the  probe i s  decreased  as the vol tage of the  probe relat ive to the 

plasma i s  reduced (Ref. 1 and 2). The f ie ld  s t rength a t  the sur face  of the probe may remain 

almost  constant .  T h e  electron emission remains the same so  long  as the probe temperature 

i s  the same.  

3. The f loat ing potent ia l  i s  increased  as t h e  temperature of the  probe i s  increased.  I t  can 

be shown theoret ical ly  that  t h i s  change is in  the right direction. If I, i s  the ion 

10 
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I .oo 

0.75 

E 0.50 

I= 
z W 
a 
5 0.25- 
0 

0 

-0.25 

-0.50 

saturat ion current, the floating potential V can be expressed  approximately, by equat ing  

ion and  electron currents, as  follows: 
f 

- 

# _---- 
//' 

-/" 

0-- - //* 

-200 -11 

12 
In 

K T l  
Vf = - 

e A e n l  c1  
(11) 

where 

c1  = the mean electron thermal s p e e d  

and 

e = the  absolu te  value of the electronic  charge 

Equation (11) indica tes  that V increases  as  I ,  i s  increased .  f 

4. The plasma potent ia l  is decreased  as the probe temperature is increased.  T h i s  c a n  be 

explained readi ly  by noting that the e lec t rons  emitted from the probe make the p lasma 

more negat ive  i n  the vicinity of the probe. 

-50 0 50 100 20 

VOLTAGE, v 

11 

Fig. 3. Langmuir  probe charac te r i s t ics  at 
different probe temperatures  
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IV. DISCUSSION AND CONCLUSIONS 

A. Effects on Diagnostic Results 

If the temperature of the probe i s  high enough, as indica ted  i n  the previous Sect ions,  the following 

poss ib le  e f fec ts  on the diagnost ic  r e s u l t s  may be ant ic ipated:  

1. Electron temperature measurement  by s l o p e  of the  V-Z curve: Since t h e  f loat ing potent ia l  

i s  increased  and  the  p lasma potent ia l  is d e c r e a s e d  as the  temperature of the probe 

increases ,  the  s l o p e  of the V-Z curve in the region of s l ight ly  negat ive vol tage becomes  

s t e e p e r  with increas ing  probe temperature. The measured electron temperature thus  

appears  to be lower than the expected value. A s  ind ica ted  i n  Fig.  3, for t h i s  par t icular  

run the electron temperature appears  to be lowered about  30% as the temperature of the 

probe goes from room temperature to 2OOO0C. 

2. Electron densi ty  measurement  by electron saturat ion current: Since the electron satura-  

tion current i s  not  a l te red  appreciably by the probe temperature, the electron dens i ty  is 

only affected by the  uncertainty of e lectron temperature measurement. In the formulas 

u s e d  for electron dens i ty  ca lcu la t ions  (Ref. 1 and 2), a factor  of ( l /T?)  i s  involved. 

Therefore, i n  the par t icular  c a s e  descr ibed  above,  the electron densi ty  a p p e a r s  to be 

higher  by about  15%. 

3. Ion densi ty  measurement  by saturation current: I t  can be s e e n  from Fig .  2 and 3 t h a t  the 

probe temperature has  a most  se r ious  e f fec t  on t h i s  parameter. Again, referring to t h e  

c a s e  mentioned above,  the ion saturat ion current a t  20OO0C is more than one order  of 

magnitude higher  than that a t  room temperature; so will  be the ion densi ty  ca lcu la ted  

there from. 

4. T h e  ef fec ts  on f loat ing potent ia l  and plasma potent ia l  measurement: In th i s  par t icular  

c a s e ,  the f loat ing potent ia l  i n c r e a s e s  about  5 v and the p lasma potent ia l  d e c r e a s e s  4 v. 

12 
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B. The Ratio of Ion and Electron Saturation Currents 

n e  ratio 1 1 / 1 2  has the form (Ref. 5 and 6) 

where 

rn, = the m a s s  of the electron 

and 

m 2  = the  m a s s  of the ion 

For argon, 

Many observers  (Ref. 11 and 12) have  previously found that the v a l u e s  of Zl/12 for argon or other  gases in 

arc-heated plasma-jet measurements  a re  a lmost  one order of magnitude less than the expec ted  ones.  This 

discrepancy i s  thought to be c a u s e d  by electron attachment on neutral  a toms to form negat ive  ions,  t h u s  

increas ing  the effect ive m a s s  of the negat ively charged par t ic les .  However, experimental measurements  

(Ref. 13) indica te  tha t  argon gas d o e s  not form negative ions.  The electron emission from the sur face  of the 

probe observed in the present  experiments  may account  (wholly or par t ia l ly)  for s u c h  a discrepancy i n  the 

ion-electron saturat ion current ratio. 

13 
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